Nanoparticles with a range of sizes and morphologies have been extensively studied for various catalytic applications; however, most nanoparticles studied comprise three or fewer elements to avoid synthetic complexity and structural heterogeneity ([@r1][@r2][@r3][@r4][@r5][@r6]--[@r7]). Multimetallic nanoclusters (MMNCs; i.e., ultrafine nanoparticles with ≥3 elements) represent a vast and largely undiscovered chemical space that promised to tune material properties via high-dimensional composition control and the associated synergistic interactions among different elements ([@r8][@r9][@r10][@r11][@r12][@r13][@r14][@r15]--[@r16]). However, with increasing compositional complexity, conventional synthetic methods often lead to MMNCs with wider size distribution and inhomogeneous structures (e.g., phase separation and/or elemental segregation inside the particles). These inhomogeneities originate from the substantial challenge in controlling the kinetics and dynamics of chemical reactions at the nanoscale among these dissimilar constituents ([@r1], [@r4][@r5]--[@r6], [@r10][@r11]--[@r12], [@r14], [@r17]). The size and structural heterogeneity make it formidable to controllably tune the composition and systematically study MMNCs, thus limiting material discovery, property optimization, and mechanistic understanding for different functionalities.

Additionally, with the increased number of components, the resulting combinatorial explosion in the composition space would necessitate significant investment in MMNC synthesis and screening, posing a great challenge to traditional methods, which are typically slow (one sample or less per day) and compositionally specific (i.e., processing parameters are not generally applicable to different compositions). In contrast to sample-by-sample trial and error, the adoption of a high-throughput paradigm can provide the parallel synthesis of a large number of samples featuring different compositions, saving both time and effort ([@r18][@r19][@r20][@r21][@r22][@r23][@r24][@r25][@r26]--[@r27]). Pioneering works have demonstrated the combinatorial synthesis of various heterogeneous catalysts (having three to five elements) using either thin-film deposition techniques or spatially confined tip syntheses ([@r20], [@r21], [@r23], [@r25], [@r27][@r28]--[@r29]). However, the uniformity of the synthesized gradient library, especially in terms of structure, is often lacking or has been insufficiently studied, making it difficult to compare among their catalytic performances.

In this work, we report the high-throughput synthesis and screening of a series of ultrafine and alloyed MMNCs supported on surface-treated carbon supports in the PtPdRhRuIrFeCoNi space. The high-throughput synthesis is achieved by combinatorial composition formulation in the solution phase, followed by a rapid thermal-shock treatment. In the process, the surface defects on the carbon help to disperse the MMNCs and ensure their size uniformity among the compositionally different samples, while the rapid shock process leads to the single-phase structure due to high-temperature mixing and fast quenching. These compositionally different MMNCs (with similar size and structure) were rapidly screened by using scanning droplet cell analysis for the electrochemical oxygen reduction reaction (ORR), enabling us to quickly identify the two best-performing catalysts. We also verified these two optimized MMNC catalysts in a prototypical rotating disk setup and compared their performance with a Pt control sample. Our combinatorial and high-throughput approach, therefore, paves the way for the rapid synthesis and compositional exploration of MMNCs as advanced catalytic materials.

Results {#s1}
=======

Conventionally, vapor-phase depositions can create a large number of samples using composition gradient; however, they require sophisticated and expensive equipment with a limited choice of materials and substrates (typically wafers; [Fig. 1*A*](#fig01){ref-type="fig"}). In contrast, the reported high-throughput synthesis involves two facile steps: 1) combinatorial composition design using metal precursors by formulation in solution phases, which is remarkably facile and easily accessible; and 2) uniform MMNC synthesis by rapid thermal shock of precursor-loaded carbon support, which drives the rapid precursor decomposition and alloy formation ([Fig. 1*B*](#fig01){ref-type="fig"}).

![(*A*) Schematic of a vapor-phase deposition method. (*B*) The high-throughput synthesis of MMNCs. Step I: combinatorial composition design in the liquid phase and then deposition on carbon supports; step II: rapid thermal shock synthesis (∼1,650 K, 500 ms). (*C*) EDS maps of the ternary salt mixture containing Pt, Pd, and Rh on the carbon support, demonstrating the uniform precursor loading. (*D*--*F*) TEM images demonstrating the similar size distribution and dispersal density of the ternary (PtPdRh), quinary (PtPdRhRuIr), and octonary (PtPdRhRuIrFeCoNi) MMNCs. (*G* and *H*) MMNCs synthesized by thermal shock in comparison with literature values in terms of size distribution and dispersal density \[red stars, thermal shock; black dots, probe lithography ([@r10], [@r34]); green dots, macromolecular template method ([@r8])\].](pnas.1903721117fig01){#fig01}

As a demonstration, we synthesized a series of MMNCs, from ternary (PtPdRh) to octonary (PtPdRhRuIrFeCoNi) materials, by adding one element at a time ([Fig. 1*B*](#fig01){ref-type="fig"}). The salt precursors were individually dissolved (0.05 mol/L) and printed onto the suspended carbon nanofiber (CNF) films by a programmable printer, taking only minutes to complete ([Movie S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental)). The printed precursor mixture shows a homogeneous and uniform precursor distribution on the carbon substrates, proved via energy-dispersive spectroscopy (EDS) mapping ([Fig. 1*C*](#fig01){ref-type="fig"} for PtPdRh and [*SI Appendix*, Figs. S1 and S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental) for PtPdRhRuIr and PtPdRhRuIrFeCoNi). The initial homogeneity of the formulated precursors is important for subsequent particle uniformity. The precursor-loaded carbon supports were then subjected to high-temperature thermal shock, demonstrated by electrically Joule heating to ∼1,650 K for a duration of ∼500 ms ([*SI Appendix*, Figs. S3 and S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental)). The samples can be electrically connected in series for batch thermal shocking or heated individually. In either case, the shock heating induced the rapid decomposition of precursors and the formation of uniformly dispersed nanoparticles.

[Fig. 1 *D*--*F*](#fig01){ref-type="fig"} show the ultrasmall and uniform distribution of PtPdRh, PtPdRhRuIr, and PtPdRhRuIrFeCoNi MMNCs, revealing their similar size and dispersity, despite the compositional differences. In the MMNC synthesis, the carbon support, made of CO~2~-activated CNFs (CA-CNFs), plays a key role in enabling the ultrafine and uniform particle dispersion as compared with untreated CNFs ([*SI Appendix*, Figs. S5 and S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental)). The CO~2~-activation process increases the surface-defect concentration of the CA-CNFs, and these defects act as nucleation sites for uniform particle dispersion ([@r30][@r31][@r32]--[@r33]). [*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental) further demonstrates the high-resolution, high-angle annular dark-field (HAADF) images of the three MMNCs and their corresponding size distributions: 3.3 ± 0.8, 3.4 ± 0.7, and 3.7 ± 1 nm, respectively, confirming very similar size distribution among compositionally different samples.

We also compared the size and particle-dispersion density of the MMNCs synthesized by the thermal-shock method with those reported in the literature, which have mainly been fabricated by advanced probe lithography (physical method) and macromolecular-template techniques (chemical control) ([Fig. 1 *G* and *H*](#fig01){ref-type="fig"}). Since particles composed of more than five elements have not yet been synthesized by other methods, we chose the ternary, quaternary, and quinary nanoparticles for comparison. Typical ternary, quaternary, and quinary MMNCs synthesized by probe lithography feature a size distribution of 12.4 ± 1.8, 38.1 ± 3.1, and 30.0 ± 4.7 nm, respectively, with a patterning density of 1/μm^2^ (i.e., 1 × 10^−6^/nm^2^) on a flat surface ([@r10], [@r34]). While much smaller MMNCs (∼1.3 ± 0.2 nm) can be synthesized by using the macromolecular template method, the dispersion density is quite low (1 × 10^−3^/nm^2^), and the composition of choice is also limited ([@r8]). In the thermal-shock synthesis on defective carbon supports, both the size and dispersal density remain similar for MMNCs with various compositions. The uniform size and dispersity are critical to ensure later comparative study among these MMNCs.

For conventional synthesis methods, incorporating more elements typically results in heterogeneous structures, due to the immiscibility among different elements ([@r5], [@r10], [@r11], [@r13]). The thermal-shock method could overcome this immiscibility by creating liquid metal-alloy states at high temperature, followed by rapid quenching to largely maintain the alloy mixing ([@r35]). In addition, the multielement materials could help drive the alloy formation through increasing entropy (Δ*G*~mix~↓ = Δ*H*~mix~ − *T*\*Δ*S*~mix~↑), and the increased entropy also provides kinetical constraints (severe lattice distortion and sluggish diffusion) so as to stabilize the alloy structures against phase separation ([@r17], [@r36]). Please note that immiscible combinations with a low mixing entropy (fewer elements or composition ratios largely deviate from equal mixing) could lead to phase separation, even synthesized at a high temperature ([@r36]).

We have studied the detailed structures of these MMNCs using HAADF and EDS mapping ([Fig. 2](#fig02){ref-type="fig"}). Low-magnification HAADF and EDS maps confirmed the ultrafine size and high-density dispersion of the nanoclusters, with each element roughly distributed throughout the fiber support without obvious elemental segregation ([Fig. 2*A*](#fig02){ref-type="fig"}). High-resolution HAADF and EDS images of the ternary ([Fig. 2*B*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental)), quinary ([Fig. 2*C*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental)), and octonary ([Fig. 2*D*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental)) samples show ∼3- to 4-nm particles with each element uniformly distributed within each nanocluster without clear phase separation or elemental segregation, indicating a solid-solution structure, as hypothesized. The corresponding EDS profiles and energy intervals to differentiate each element are included in [*SI Appendix*, Figs. S8--S11](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental). Note that the final compositions in the MMNCs may be slightly varied from the initial design, largely due to the differences in metal-vapor pressures at high temperatures ([@r35]). The thermal-shock method enables alloying at high temperatures, while limiting the heating duration so as to minimize the metal losses.

![Combinatorial synthesis of MMNCs featuring a solid-solution structure. (*A*) Low-magnification HAADF and EDS maps of quinary MMNCs (PtPdRhRuIr), demonstrating the uniform distribution of each element across the CA-CNF support. (*B*--*D*) High-resolution HAADF images and EDS maps of ternary, quinary, and octonary MMNCs demonstrating the uniform/homogeneous distribution of each element within the resulting nanoclusters. (Scale bars: 5 nm.) (*E*) Powder XRD measurement for ternary, quinary, and octonary MMNCs, showing the single-phase FCC structure without obvious secondary phases. (*F*) The synchrotron XRD (λ = 0.2113 Å) profile of PtPdRh still exhibits a single-phase FCC structure, with a lattice constant of 3.87 Å. a.u., arbitrary units.](pnas.1903721117fig02){#fig02}

Macroscopically, the powder X-ray diffraction (XRD) profiles ([Fig. 2*E*](#fig02){ref-type="fig"}) reveal an overall face-centered-cubic (FCC) structure for ternary, quinary, and octonary MMNCs by using the Rietveld refinement with a fitted lattice constant of 3.87, 3.82, and 3.76 Å, respectively. No obvious secondary phases were detected. The decreasing lattice constant was due to the increasing ratio of nonnoble metals (e.g., Fe, Co, and Ni) with a smaller size and lattice constant. In addition, we performed synchrotron XRD to detect the fine structure and possible impurity phases in the MMNCs using a much smaller wavelength (λ = 0.2113 Å). As shown in [Fig. 2*F*](#fig02){ref-type="fig"}, all of the major peaks can be indexed according to the FCC structure and a fitted lattice constant of 3.87 Å using Rietveld refinement with a reasonable good fit. Namely, the PtPdRh MMNCs still exhibited a largely single FCC phase under synchrotron detection, further confirming the single-phase alloy structure. Note that we converted the diffraction data using *q* unit, where *q* = (4π\\/λ)sinθ, so that the data were comparable in the *q* unit regardless of the difference in X-ray energy. The solid-solution formation and alloy structural consistency of these MMNCs are critical for comparative catalytic studies.

From a high-throughput perspective, the overall MMNC synthesis protocol involves only printing precursor salts and rapid thermal shock, which are all physical processes that can be easily scaled up ([Fig. 3*A*](#fig03){ref-type="fig"}). First, different metal-salt solutions with desired recipes were well mixed in the liquid phase and deposited on the CA-CNF disks (∼0.3-inch diameter, 5 μmol/cm^2^ loading) and patterned on the copper plate. Then, rapid radiative heating (nondirect contact) was used for the MMNC synthesis by positioning a high-temperature heating source above the samples (∼0.5 cm) and repeatedly shock heating (2,000 K, ∼0.5 s) three times ([*SI Appendix*, Fig. S12](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental)). [Fig. 3 *B*](#fig03){ref-type="fig"}, *Inset* displays an image of the plate containing a library of 88 samples, including 1) MMNCs in the PtPdRhRuIrFeCoNi compositional space for ORR; and 2) MMNCs in the IrRuAuPdMnFeCoNi space for the oxygen evolution reaction (OER), with each composition having two samples for cross-validation (compositions are listed in [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental)). We also verified the single phase structure and uniform size distributions of selected MMNCs, as expected ([*SI Appendix*, Fig. S13](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental)).

![Scale-up synthesis and fast screening of MMNCs for electrocatalytic reactions. (*A*) Schematic illustration of the combinatorial and high-throughput synthesis of uniform MMNCs. (*B*) The scanning droplet cell setup and patterned samples on the copper substrate. CE, counter electrode; RE, reference electrode; WE, working electrode. (*C*) Fast screening of PtPd-based MMNCs for catalytic ORR (22 compositions + 1 blank, 0.1 M KOH, 5 mV/s scan rate). (*D*) The compositional designs and their corresponding ORR performances presented in a neural network diagram. The size of the circles represents the magnitude of the specific current at 0.45 V for ORR. (*E*) Synchrotron XRD profiles for PtPdRhNi and PtPdFeCoNi, showing the single-phase FCC structure. a.u., arbitrary units. (*F* and *G*) TEM image (*F*) and elemental maps (*G*) of PtPdFeCoNi with uniform small size and alloy structure. *F*, *Inset* is a high-resolution TEM image of PtPdFeCoNi. (Scale bar: 5 nm.)](pnas.1903721117fig03){#fig03}

We then performed high-throughput electrochemistry using a scanning droplet cell setup to rapidly screen for promising MMNC catalysts. Scanning droplet cell analysis is used as a high-throughput electrochemical screening method for the rapid identification of active electrocatalysts ([@r37][@r38]--[@r39]). It integrates an ordinary three-electrode setup into a single tip (0.785 mm^2^) ([@r39]) for fast, continuous, and even automatic screening. Here, the copper plate acts as the common current collector from working electrodes during the fast screening. Herein, we used ORR as a model reaction to illustrate one potential implementation of the rapid-catalysts screening process. ORR is a common cathode reaction to enable fuel-cell technologies for clean-energy applications, yet it is kinetically sluggish with a high overpotential, owing to the four-electron transfer process. Therefore, discovering high performance, low cost, and robust catalysts is critical to facilitate ORR and fuel-cell operation in a more efficient manner ([@r16], [@r19], [@r34]).

[Fig. 3*B*](#fig03){ref-type="fig"} shows the schematic of the scanning droplet cell setup, where the tip head and the ORR process are highlighted. The utilization of the scanning droplet cell configuration not only expedited the screening process but also ensured the evaluation of catalytic activity for all samples under comparable testing conditions. Note that our IrRu-based MMNC samples for OER were found to have apparent corrosion current at high potential, which can obscure the performance and cause uncertainty. Therefore, in the following discussion, we will focus on the PtPd-based compositions for ORR. As shown in [Fig. 3*C*](#fig03){ref-type="fig"}, linear sweep voltammetry (from 1.1 to 0.45 V) and cyclic voltammetry for different MMNC samples were performed in 0.1 M KOH at a scan rate of 5 mV/s to compare their activity and stability ([*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental)). Notably, the blank sample showed very weak activity toward ORR, which is in agreement with other reported results ([@r40]). The control Pt sample exhibited a good ORR catalytic activity, achieving −3 × 10^−4^ A at 0.45 V vs. the reversible hydrogen electrode (RHE). For the MMNC samples, while all shared a low onset potential similar to the Pt control, PtPdRhNi and PtPdFeCoNi showed a much larger current at a given potential than others, indicating higher activity. Note that for all samples, the current continued to increase as the potential decreased without showing a limiting current plateau. This is because relatively excessive oxygen was fed to the catalyst, so the reaction was not limited by oxygen mass transfer.

[Fig. 3*D*](#fig03){ref-type="fig"} summarizes the specific current at 0.45 V of different samples and reconstructed into a neural network diagram (data in [*SI Appendix*, Fig. S14 and Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental)), where the size of the circles represents the magnitude of the sample's specific current at 0.45 V, while the lines indicate the connections between compositions. Although there is no obvious clue on the composition--performance relationship, these results are of great value for future data mining or machine-learning processes to uncover the hidden relationships on the elemental contributions to the catalytic performances and eventually guide the material design for accelerate catalyst discovery in MMNCs. We also verified the result with the other half-batch of samples having the same compositions ([*SI Appendix*, Fig. S15](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental)).

To gain further insights into these two best-performing catalysts, we used both macroscale and microscale techniques for their structural characterization. As shown in [Fig. 3*E*](#fig03){ref-type="fig"}, the synchrotron XRD profiles of these two MMNCs (PtPdRhNi and PtPdFeCoNi) exhibit a single-phase FCC structure under synchrotron detection (λ = 0.2113 Å), with a fitted lattice constant of 3.78 and 3.73 Å, respectively, which is very similar to the powder diffraction data ([*SI Appendix*, Fig. S16](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental)). We also verified the size distribution of the MMNCs as well as their alloy structure at the microscopic level ([Fig. 3 *F* and *G*](#fig03){ref-type="fig"}): The size remained small and uniformly distributed, while each element was distributed homogeneously throughout the nanoparticles, confirming the alloy structure at the nanoparticle level. The synchrotron XRD and TEM data verified the small size and single-phase alloy structure of the MMNCs synthesized by using the high-throughput thermal shock method.

To verify the high performance of the two optimized catalysts (PtPdRhNi and PtPdFeCoNi), we then carried out electrochemical analysis using a conventional rotating disk electrode (RDE) setup ([@r41], [@r42]). Detailed electrode preparation and electrochemical testing can be found in [*Methods*](#s3){ref-type="sec"}. [Fig. 4*A*](#fig04){ref-type="fig"} showcases the cyclic voltammograms of the PtPdRhNi and PtPdFeCoNi MMNCs and a Pt control sample (10 wt% loading) in an oxygen-saturated electrolyte (1 M KOH). A sharp peak evolved at ∼0.85 V for all three samples, which corresponded to the reduction of oxygen. The peak positions of the MMNC catalysts were slightly positive compared with that of Pt as a control, indicating their lower overpotentials and therefore better catalytic activity. In addition, both MMNC catalysts exhibited increased peak current densities by approximately twofold that of Pt. In [Fig. 4*B*](#fig04){ref-type="fig"}, linear sweep voltammograms of the MMNC catalysts display flat limiting current densities with much higher values and slightly more positive half-wave potentials compared to that of Pt, further confirming the better activity of these MMNCs compared with the Pt control sample. Through Tafel analysis ([Fig. 4*C*](#fig04){ref-type="fig"}), slightly smaller Tafel slopes for the MMNCs (32 and 31 mV/decade) were measured, as compared with Pt (37 mV/decade), indicating a similar reaction mechanism in ORR. We also compared our result with the literature data, and our MMNCs are still among best-performing catalysts ([*SI Appendix*, Table S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental)) ([@r43][@r44][@r45][@r46]--[@r47]).

![Electrochemical analysis of PtPdRhNi, PtPdFeCoNi, and a control Pt catalyst for ORR. (*A*) Cycle voltammograms of the three samples, where they show a clear ORR peak at ∼0.8 V (scan rate: 10 mV/s). (*B*) Linear-sweep voltammograms of the three samples (rotation rate: 1,600 rpm; scan rate: 10 mV/s). Both MMNCs outperform the Pt control sample with a higher current at given potentials. (*C*) Tafel analysis of the three samples, displaying similar reaction kinetics for the three samples. (*D*) Stability test for the three samples by holding the potential at 0.6 V (vs. RHE, rotation rate: 900 rpm), in which the three samples show relative stability after an initial decay.](pnas.1903721117fig04){#fig04}

We also performed rotating ring-disk measurement with a small ring current, and the overall ORR electron number was confirmed to be 3.9∼4.0 toward a total oxygen reduction ([*SI Appendix*, Fig. S17](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental)). In addition, the long-term stability of the as-prepared catalysts was tested by chronoamperometry at 0.6 V (vs. RHE) ([Fig. 4*D*](#fig04){ref-type="fig"}). The current density of PtPdRhNi decreased by 36% upon 15-h operation; slightly better activity retention (decreased by 29% after operation for 15 h) was measured for PtPdFeCoNi. In contrast, the current density of Pt decreased by 39.1% after the same time period, during which most activity loss occurred within the first 1 h.

Therefore, the ORR measurements in the RDE configuration verified the excellent catalytic performances and stability of the two screened MMNCs (PtPdRhNi and PtPdFeCoNi), confirming that the knowledge generated by high-throughput discovery is transferrable to conventional testing platforms. Note that due to the complexity of multielement systems, there are no available computational or theoretical tools to fully interpret the high performance of these two compositions out of 22 MMNCs. This would go beyond the scope of the current study. However, the high-throughput synthesis and screening pipeline demonstrated in this work can continuously provide valuable data for future data mining and machine learning for accelerated material discovery.

Conclusion {#s2}
==========

In this work, we report the high-throughput synthesis of ultrafine and homogeneously alloyed MMNCs through combinatorial composition design by formulating in the precursor solutions followed by rapid thermal shock synthesis. The surface defects on the carbon support are engineered to disperse the MMNCs and ensure size uniformity, while the high-temperature synthesis in the multielement samples with a high entropy largely drives the alloy formation. The uniformity of the MMNCs enables their comparative study for catalytic applications. As an example, we synthesized a series of PtPdRuRhIrFeCoNi MMNCs and rapidly screened for ORR using scanning droplet cell analysis, with two catalysts discovered and validated using the RDE setup. This high-throughput synthesis and screening method provide a route to accelerate the compositional exploration for MMNC study and could inspire data mining and machine learning for the future development of MMNC catalysts.

Methods {#s3}
=======

Precursor Loading on CNFs. {#s4}
--------------------------

Electrospun polyacrylonitrile nanofibers were stabilized in the air at 533 K for 6 h and then carbonized at 1,173 K for 2 h in argon (untreated CNFs). The CNF films can be further thermally activated at 1,023 K for 2 h in CO~2~ atmosphere to create surface defects (CA-CNFs). The individual metal salts or their hydrate forms (from Sigma-Aldrich) were dissolved in ethanol at a concentration of 0.05 mol/L. We added 10% (in volume) of 37% HCl to PdCl~2~ solution to completely dissolve PdCl~2~. The salt precursor solution can be loaded onto the suspended CA-CNF film by using a programmable three-dimensional printer (Fisnar catalog no. F4200N) or by using a pipette with a precursor loading of 5 μmol/cm^2^. The precursor salts were used at 1:1 molar ratios between each metallic element in the MMNC design.

Thermal Shock Process. {#s5}
----------------------

The thermal shock process was performed through Joule heating of the precursor-loaded CA-CNF films in an argon-filled glovebox similar to that reported ([@r35]). For batch shock processes (thermally shocking several samples at once), the electrical circuit design involved connecting the copper electrodes in series and then thermally shocking all of the samples (six in our experiment) at one time. In order to achieve uniform temperature in these samples in series, the size of the samples should be as close to the same as possible. The temperature was measured as described ([@r48]).

Scaled-Up Synthesis on a Two-Dimensional Substrate. {#s6}
---------------------------------------------------

The scaled-up synthesis of MMNCs was performed on a copper-foil-wrapped silicon wafer, in which the copper foil acted as the common working electrode for all samples. The combinatorial compositions were designed and formulated in the solution phase by using individual precursor solutions with a concentration of 0.05 mol/L. The mixture solutions were then dropped on the CA-CNF disks (0.3-inch diameter) with a loading of 100 μL/cm^2^ (i.e., ∼5 μmol/cm^2^). These CA-CNF disks were attached onto the copper foil in a patterned structure by using conductive silver paste on the bottom. A piece of graphitic carbon paper was used as the radiative heating source driven by Joule heating in an Ar-filled glovebox. The carbon paper was put on top of the samples (∼0.5 cm), heated at 2,000 K for 0.5 s, and repeated three times. Then it was moved to the next samples until all of the samples were heated.

Structural Characterization. {#s7}
----------------------------

See [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental) for structural characterization.

Electrochemical Screening. {#s8}
--------------------------

High-throughput electrochemical characterization was performed by using a scanning droplet cell. Detailed description of the geometry and operation can be found in previous publications ([@r32]) and [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental). All of the electrochemical tests were performed at room temperature. After moving to a new sample location, 30 s was given to stabilize the contact between the droplet volume and samples. The electrochemical experiments included two 20 mV/s cyclic voltammetry sweeps followed by one 5 mV/s cyclic voltammetry sweep between 1.1 and 0.45 V vs. RHE. The capillary Ag/AgCl electrode reference electrode was flushed with fresh saturated KCl solution every 30 min to avoid possible contamination and RE potential shift. Because the magnitude of the measured current was around 10^−4^ A, the \<50 Ohm uncompensated resistance was ignored.

Detailed Electrochemical Evaluation. {#s9}
------------------------------------

A Pine Bipotentiostat RDE4 with a glassy carbon RDE (0.196 cm^2^) and a rotating ring-disk electrode (0.247 cm^2^, collection coefficient 0.37) were used for detailed electrochemical characterization. The two MMNCs (PtPdRhNi and PtPdFeCoNi) and the Pt control were synthesized on CA-CNF with a loading of ∼10 wt% using a thermal shock synthesis. These samples were then prepared into inks for the measurement in 1.0 M KOH at room temperature (22 ± 1 °C). Details are in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental).

Data Availability. {#s10}
------------------

All data are available within the main text and [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903721117/-/DCSupplemental).
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